Lysophospholipids (LPLs) are known to have potentially important roles in the initiation and maintenance of neuropathic pain in animal models. This study investigated the association between the clinical severity of lumbar spinal stenosis (LSS) and the cerebrospinal fluid (CSF) levels of LPLs, using human samples. We prospectively identified twenty-eight patients with LSS and fifteen controls with idiopathic scoliosis or bladder cancer without neurological symptoms. We quantified LPLs from CSF using liquid chromatography-tandem mass spectrometry. We assessed clinical outcome measures of LSS (Neuropathic Pain Symptom Inventory (NPSI) and Zurich Claudication Questionnaire (ZCQ)) and categorized patients into two groups according to their severity. Five species of lysophosphatidic acid (LpA), nine species of lysophosphatidylcholine (LpC), and one species of lysophosphatidylinositol (LPI) were detected. The CSF levels of all species of LPLs were significantly higher in LSS patients than controls. Patients in the severe NPSI group had significantly higher LPL levels (three species of LPA and nine species of LPC) than the mild group. Patients in the severe ZCQ group also had significantly higher LPL levels (four species of LPA and nine species of LPC). This investigation demonstrates a positive correlation between the CSF levels of LPLs and the clinical severity of LSS. LPLs are potential biomarkers for evaluating the severity of LSS.
with an attached single acyl chain of varied length and saturation, which determines the molecular species of LPA and LPC. LPA, structurally composed of a fatty acid linked to sn-glycerol-3 phosphate, is mainly converted from LPC via lysoPLD activity of autotaxin (ATX). It is suggested that LPA and LPC have key roles in the initiation and maintenance of neuropathic pain in animal models; blockade of their signaling is a potential therapeutic target in the prevention and treatment of neuropathic pain [10] [11] [12] [13] , however the involvement of these lipid mediators in the pathogenesis of neuropathic pain has not been elucidated in human subjects. In a previous study, the plasma levels of the molecular species of LPLs, including unfamiliar LPLs such as lysophosphatidylserine and lysophosphatidylinositol (LPI), in human samples were accurately determined using liquid chromatography-tandem mass spectrometry (LC-MS/MS) 14 . However, the cerebrospinal fluid (CSF) levels of LPLs in humans have not been quantified, and the association between CSF levels of LPLs and the severity of neuropathic disorders has not been elucidated in clinical studies.
We used LC-MS/MS to measure LPLs species in samples obtained from the CSF of patients with LSS. Then, we analyzed the correlation between CSF levels of LPLs and the clinical severity of LSS. Results patient characteristics. Twenty-eight patients with LSS were included (15 men and 13 women; mean age, 70.9 years; range, 49-81 years). All patients including controls completed the NPSI and ZCQ. In all control patients (n = 15), the NPSI score was 0 (no painful symptoms). For patients with LSS, those with an NPSI score less than or equal to the median value of 21 (n = 14) were categorized as the mild group and those with a score greater than or equal to 22 (n = 14) as the severe group. Concerning the NPSI subscore of paresthesia/dysesthesia, patients with LSS with a score less than the median value of 5 (n = 14) were categorized as the mild group and those with a score greater than or equal to 5 (n = 14) as the severe group. Concerning the ZCQ, patients with LSS with a score less than or equal to the median value of 20 (n = 14) were categorized as the mild group and those with a score greater than or equal to 21 (n = 14) as the severe group ( Supplementary Fig. S1 ). Some LPL species were positively associated with clinical parameters reflecting LSS severity. Patients in the severe NPSI group had significantly higher LPL levels (total LPC, three species of LPA, and nine species of LPC) versus the mild group (Table 2) . Concerning the subscore of paresthesia/dysesthesia in NPSI, total LPC, one species of LPA, and eight species of LPC were significantly higher in the severe group versus the mild group (Table 3) . Patients in the severe ZCQ group had significantly higher levels of LPLs (total LPA, total LPC, four species of LPA, and nine species of LPC) versus the mild group (Table 4 ). Regarding the association with morphological severity, total LPA, total LPC, LPI, four species of LPA, and nine species of LPC were significantly higher in the severe group versus the mild group (Table 5) . Other LPL species also showed a trend towards LPA levels in CSF of patients with LSS was correlated with corresponding LPC levels, but not with ATX levels. Since LPA is produced from LPLs other than LPA, especially LPC, via ATX, we examined the correlation between LPA and ATX or other LPLs to investigate the mechanism for the increased LPA in LSS. While there was no correlation between LPA and ATX in all groups, total LPC significantly correlated with LPA in the severe and mild NPSI LSS groups but not in the control group (Fig. 1A ). In addition, three species of LPC www.nature.com/scientificreports www.nature.com/scientificreports/ (18:1, 18:2, and 20:4) significantly correlated with the corresponding species of LPA both in the severe and mild NPSI LSS groups but not in the control group. Three species of LPC (16:0, 18:0, and 22:6) and LPI significantly correlated with the corresponding species of LPA in the severe NPSI LSS group but not in the mild NPSI LSS and control groups (Fig. 1B,C) .
LPL levels in
ATX antigen levels only correlated with LysoPLD activity in CSF obtained from the severe LSS group. Interestingly, when we measured the CSF levels of ATX and ATX activity (LysoPLD), which strongly correlate with each other in serum 15 , the difference in the CSF levels of ATX and LysoPLD was not www.nature.com/scientificreports www.nature.com/scientificreports/ statistically significant among the control, mild NPSI LSS, and severe NPSI LSS groups ( Fig. 2A) . In contrast, a significant positive correlation between the CSF levels of ATX and LysoPLD was found in the severe NPSI LSS group (r s = 0.85), whereas there was little or no correlation in the mild NPSI LSS group (r s = 0.13) and the control group (r s = 0.38) (Fig. 2B) . www.nature.com/scientificreports www.nature.com/scientificreports/
Discussion
Our results demonstrate that most species of LPA, LPC, and LPI correlate with LSS symptom severity. Patients with LSS with severe symptoms demonstrated higher LPLs in the CSF than those with mild symptoms and controls. Different symptoms of LSS (i.e., pain, numbness, and claudication) correlated with different LPL species: only 20:4 LPA was consistently higher in patients with severe pain, numbness, and claudication. Meanwhile, almost all LPC species were higher for respective symptoms in patients with severe disease. Considering the mechanisms underlying the increased LPA in the CSF of patients with LSS, we observed that LPA levels correlated with the corresponding species of LPC but not with ATX levels, suggesting that increased LPA levels might be attributed to the increased production of LPC, possibly through enhanced phospholipase A2.
Anatomical degenerative processes of the lumbar spine are involved in the development and maintenance of clinical symptoms of LSS. The most common symptom associated with LSS is neuropathic pain radiating into the legs at rest and/or during walking, which follows anatomical compression of nerve roots and the cauda equina. Previous findings from animal neuropathic pain models demonstrate that LPA signaling is the definitive mechanism underlying neuropathic pain, in particular LPA1 and auxiliary LPA3; among LPA receptor subtypes playing a crucial role in neuropathic pain 12 , 16:0, 16:1, 18:1, 18:2, and 20:4 LPA species are the ligands predominantly responsible for LPA1 and LPA3 10, 16 . This notion is partially consistent with our present findings that 20:4, 18:1, and 18:2 LPA species were closely related to LSS and with the severity of neuropathic pain and claudication. In addition to these LPAs, 22:6 LPA also showed an association with neuropathic pain and claudication severity. www.nature.com/scientificreports www.nature.com/scientificreports/ To our knowledge, there are no studies to support the involvement of 22:6 LPA in neuropathic pain, although 22:6 LPA levels were increased in a mouse model of spinal cord injury 17 . Anecdotally, 22:6 LPA was reported to be involved in the inflammatory process in mouse models of an allergic airway reaction and in humans with asthma 18, 19 . Through a neurogenic inflammatory process, increasing 22:6 LPA might lead to the development and maintenance of neuropathic pain. Focusing on 22:6 LPA, patients with LSS with severe dysesthesia and numbness did not demonstrate increased levels of 22:6 LPA compared to those with mild symptom. Such symptoms are also common in LSS, and might arise from nerve degeneration, independent of neurogenic inflammation.
Regarding the mechanisms of LPA increase, two pathways are possible, considering the data from human plasma samples; one is that elevated ATX levels might produce increased LPA levels, as observed in cirrhosis 20 and follicular lymphoma 21 . There is another possibility that the increased LPA might be derived from increased ATX substrates, such as LPC, as shown in acute coronary syndrome 14, 22 . Considering that close correlations were only observed between LPA and the corresponding species of LPC, but not ATX, the latter mechanism is supported. As ATX levels are abundant in CSF, while LPC levels are much lower in CSF versus plasma, it is reasonable to assume that changes in LPC levels might affect LPA levels to a greater degree than ATX levels.
Different from the results/case with LPA, almost all LPC species demonstrated significantly higher concentrations in the CSF, in association with severe LSS symptoms. Although LPC can trigger demyelination and subsequently neuropathic pain 23, 24 , the current understanding of LPCs in neuropathic pain is that they represent a 'resource' of LPA that can potentially cause and maintain both peripheral nerve injury and neuropathic pain 12, 25 . Our patients with severe and mild LSS demonstrated ATX levels and its enzymatic activity comparable to controls; thus increasing LPC levels would link to increasing LPA and severity of LSS symptoms. Alternatively, LPC might impair LSS symptoms via mechanisms other than peripheral nerve injury. LPC could have an agonistic effect on the alpha-adrenergic receptor and enhance vasoconstriction 26 . LPC is also reported to induce vasoconstriction with endothelial dysfunction via nNOS uncoupling and modulating ERK1/2 activity 27 . In human study, it is reported that elevated serum LPC (20:4 and 22:6) levels is associated with ischemic stroke risk 28, 29 . Degenerative LSS can lead to compression of not only nerve roots and the cauda equina but also intra-spinal vessels; this is considered to contribute to the development of neurogenic claudication in LSS: reduced arterial blood flow results in ischemia and venous congestion with compression of the nerves and secondary perfusion deficiency 30 . This ischemic and digestive mechanism would account for the typical reversibility of symptoms when patients flex the spine forward. Previous findings of a strong correlation between LPA and neuropathic pain have been elucidated using animal models with peripheral nerve injury rather than LSS. Therefore, in patients with LSS, LPC might directly impair LSS symptoms, possibly through vasoconstriction of the intra-spinal circulation.
One interesting finding of this study that remains unexplained is that ATX and its enzymatic activity were comparable between patients with LSS and controls and between patients with LSS with mild and severe symptoms; in patients with severe LSS only, ATX linearly correlated with its enzymatic activity. Such linear correlation might increase with increased severity of LSS symptoms. Considering that ATX antigen levels strongly correlate with ATX activity in plasma 15 , unknown molecules in CSF might affect ATX activity, which might be suppressed in severe LSS. Another interesting finding was that there is no evidence concerning the association between LPI and LSS, although we demonstrated increased levels in LSS. Future studies should clarify their contributions to the development and maintenance of neuropathic pain and claudication.
A limitation of this study is that the control participants were not healthy volunteers but patients with idiopathic scoliosis or bladder cancer. Since the invasive procedure was required to obtain CSF, our recruited control subjects were limited to the persons who underwent myelography or lumbar anesthesia as a part of treatment. Although the NPSI score of all control participants was 0 which means they had no painful symptoms, their clinical condition other than neuropathic pain might affect the CSF levels of LPLs. For example, it is reported that mRNA expression of LPA receptor is facilitated in the specimen with bladder cancer patients, which might elicit the slight elevation of LPL levels in CSF of control subjects 31, 32 . In addition, the myelography is not always underwent particularly in institutions where the MRI imaging is valued to determine the surgery for lumbar spinal stenosis. CSF sample is difficult to obtain in such institutions. Another limitation is that the number of subjects in each group was relatively small, which might make it difficult to detect the subtle differences between groups. Our limited sample size might also affect the reliability of the spearman's correlation analysis although we evaluated the rank correlation coefficient together with p-value. In addition, the precise demographic data of subjects are lacking in our study. The medical history of any malignancy or systemic inflammatory disease might affect the results of LPL levels in CSF. Also, there was lacking of the clinical information about the duration of the pain (acute or chronic), the use of anti-inflammatory drugs or opioids which might affect the LPA signaling. Further extensive study would be required to confirm our results.
In summary, this study demonstrated correlation among LPA and LPC and the severity of neuropathic pain caused by LSS. In addition to the proposal for LPA and LPC as treatment targets in neuropathic pain, measurement of LPA and LPC in the CSF might be an objective method to evaluate the severity of LSS.
Methods
Data source. We included consecutive patients with LSS who underwent myelography for the evaluation of potential spine surgery between August 2014 and March 2015. Our institution routinely performs myelography as a part of our evaluation of patients with LSS with multilevel stenosis or spondylolisthesis; this technique is used to determine the appropriate surgical procedure. Patients with concomitant spinal stenosis at other regions (i.e., cervical or thoracic spine) or previous spinal surgery were excluded. CSF samples from patients with idiopathic scoliosis or bladder cancer, who had no neurological symptoms, were used as a control group. Written informed consent was obtained from each patient. The study was approved by the institutional review board of The University of Tokyo, and was carried out in accordance with the Helsinki Declaration.
www.nature.com/scientificreports www.nature.com/scientificreports/ Measurement of LPL species using LC-MS/MS. From each patient, 1 mL of CSF was collected at the time of myelography. The samples were stored at −80 °C, and the freeze-thaw treatment was limited to one time before the measurement of LPLs and ATX levels. Quantification of LPLs was performed as described by Okudaira et al. 33 . Briefly, the CSF samples were mixed and sonicated with a 10-fold volume of methanol and an internal standard. After centrifugation at 21,500 × g, the resulting supernatant was recovered and used for LC-MS analysis. Then, 20 µL of methanol extract was separated using Nanospace LC (Shiseido) equipped with a C18 CAPCELL PAK ACR column (1.5 × 250 mm; Shiseido) using a gradient of solvent A (5 mM ammonium formate in water) and solvent B (5 mM ammonium formate in 95% [v/v] acetonitrile). Elution was sequentially ionized using an ESI probe, and the parent ion (m/z 380.2) and fragment ion (m/z 264.2) were monitored in the positive mode using a Quantum Ultra Triple Quadrupole Mass Spectrometer (Thermo Fisher Scientific). For each lysophospholipid class, 12 acyl chains (14:0, 16:0, 16:1, 18:0, 18:1, 18:2, 18:3, 20:3, 20:4, 20:5, 22:5, and 22:6) were monitored. In the present study, we extracted lipids under a neutral condition, and we did not separate 1-acyl-2-lyso-and 2-acyl-1-lyso-phospholipids. We calculated the concentrations of lysophospholipids from the area ratio to the internal standard: 1 µM 17:0 LPA (for LPA, lysophosphatidylethanolamine, LPI, lysophosphatidylglycerol, and lysophosphatidylserine species) or 10 µM 17:0 LPC (for LPC species).
Measurement of ATX levels in the CSF. The ATX antigen levels in the CSF were determined using a
